Abstract: Using meteorological observation data and NCEP/NCAR (National Centers for Environmental Prediction/National Center for Atmospheric Research) reanalysis data, the impacts of the atmospheric circulation pattern on the interannual variability of haze-fog in northern China in January are studied by means of statistical methods. The results showed that the Eurasian teleconnection (EU) at the 500 hPa isostatic surface is the most important pattern affecting the haze-fog frequency in northern China. However, the existing EU index cannot perfectly describe this pattern. To this end, this study selects three main activity centers to define a new EU index, which are located in the Europe (10 • E, 55 • N), Siberia (80 • E, 60 • N), and Shandong, China (120 • E, 40 • N). The difference between the existing EU index and the new EU index is mainly the position of the anomaly center of the 500 hPa geopotential height. The EU is in a negative phase in higher haze-fog years but is in a positive phase in lower haze-fog years. The 500 hPa geopotential height shows negative anomalies in Europe and East Asian and a positive anomaly in Siberia in the negative EU phase. Using Plumb wave activity flux analysis, it was found that the cold wave affecting northern China is less in the negative EU phase than that in the positive EU phase, which resulted in more haze-fog days. In addition, the results also showed that the EU pattern goes through a considerable development and decay within 13 days. The visibility starts to significantly decrease at a lag of −1 to 2 days in the negative EU peak phase and is influenced by the weak north wind that is caused by the high pressure.
Introduction
Haze and fog lead to reductions in horizontal visibility caused by suspensions in the air [1] . Although the compositions of the suspended materials are different, fog and haze often coexist and are interchangeable under certain conditions [2, 3] . When studied together, they are referred to as the 'haze-fog' phenomena. There are more haze-fog days in eastern China than in Western China, especially in the middle and lower reaches of the Yangtze River and North China [4] [5] [6] . In addition, the number of haze-fog days has significantly increased after the 1980s, and haze-fog occurs mostly in December and January [7, 8] . The number of haze-fog days in December and January has reached 30% of the annual haze-fog days, and many severe haze-fog events have also occurred in these two months [7, 8] . Significant interannual variability was also found in winter [9] .
Anthropogenic emissions are the cause of the difference between the haze-fog distributions in northern China and southern China in the winter [10] . Furthermore, variations in the anthropogenic 
2) Reanalysis data
The monthly mean and daily mean reanalysis data of January that were used in this study are from the National Centers for Environmental Prediction-National Center for Atmospheric (NCEP/NCAR) reanalysis. The dataset covers a 36-yr period from 1980 to 2015 and spans 2.5º × 2.5º in latitude and longitude, including the geopotential height and wind at each standard level from 10 to 1000 hPa.
Methods
The covariance matrix of the 500 hPa geopotential height field and the haze-fog day's field was processed using singular value decomposition (SVD). SVD decomposes the covariance matrix into a set of mutually independent cross-covariance matrices [31] representing the spatial distribution of each pattern of the two fields. Then, two heterocorrelation coefficient fields are obtained by calculating the correlation coefficient.
The difference in the geopotential height field between the higher haze-fog years and the lower haze-fog years is calculated using composite analysis.
To analyze the anomalous propagation of planetary waves, this paper uses Plumb wave activity fluxes. Shi et al. [32] used Plumb wave activity flux analysis to find that the anomalous propagation of atmospheric longwave waves before the super cold wave in Southern China in January 2016 facilitated the accumulation of cold air, and the location was abnormally southward. Plumb [33] defined the wave activity flux to indicate the propagation of planetary wave packets in three-dimensional space as follows where the standard reference pressure = 1000 ℎPa, S = + is the static stability and κ ≈ 0.286. z = −H ln(p/p0) is a log p vertical coordinate with the scale height H = 8 km, and u and v are geostrophic winds that are calculated as follows 
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To analyze the anomalous propagation of planetary waves, this paper uses Plumb wave activity fluxes. Shi et al. [32] used Plumb wave activity flux analysis to find that the anomalous propagation of atmospheric longwave waves before the super cold wave in Southern China in January 2016 facilitated the accumulation of cold air, and the location was abnormally southward. Plumb [33] defined the wave activity flux to indicate the propagation of planetary wave packets in three-dimensional space as follows
where the standard reference pressure p 0 = 1000 hPa, S = ∂T ∂z + κT H is the static stability and κ ≈ 0.286. z = −H ln(p/p0) is a log p vertical coordinate with the scale height H = 8 km, and u and v are geostrophic winds that are calculated as follows (2) u and v are the zonal wind and meridional wind, respectively. Ω, a, f, Φ, Z, ϕ, and λ represent the Earth's rotation rate, the Earth's radius, the Coriolis parameter, the geopotential, the geopotential height, the latitude, and the longitude, respectively. ( − ) and ()' represent zonal average and deviation from zonal average, respectively.
Haze-Fog Features and Their Relationship with the Eurasian Teleconnection
The pollution emissions in Eastern China significantly increased from 1980 to 1990 and from 2000 to 2010, and slowly decreased from 1990 to 2000, which was found in the IPCC Fifth Assessment Report's (AR5) emissions inventories [34] . Xie and Han [35] and Fu and Dan [5] also gave similar statistical results. With respect to the emissions change trend, we use a cubic function to detrend the data, which is shown as the solid red line in Figure 2 . The number of haze-fog days followed an increasing trend from 1980 to 1990 and from 2003 to 2015 but a decreasing trend from 1991 to 2002. The number of haze-fog days after the removal of trend will be used in later study. 
v = 1 cos Ф u and v are the zonal wind and meridional wind, respectively. Ω, a, f, Ф, Z, φ, and λ represent the Earth's rotation rate, the Earth's radius, the Coriolis parameter, the geopotential, the geopotential height, the latitude, and the longitude, respectively. (ˉ) and ()' represent zonal average and deviation from zonal average, respectively.
The pollution emissions in Eastern China significantly increased from 1980 to 1990 and from 2000 to 2010, and slowly decreased from 1990 to 2000, which was found in the IPCC Fifth Assessment Report's (AR5) emissions inventories [34] . Xie and Han [35] and Fu and Dan [5] also gave similar statistical results. With respect to the emissions change trend, we use a cubic function to detrend the data, which is shown as the solid red line in Figure 2 . The number of haze-fog days followed an increasing trend from 1980 to 1990 and from 2003 to 2015 but a decreasing trend from 1991 to 2002. The number of haze-fog days after the removal of trend will be used in later study. To clarify the relationship between the 500 hPa geopotential height fields in the northern hemisphere and the number of haze-fog days in January in northern China, the correlative analysis of the 500 hPa geopotential height anomaly field and haze days in January from 1980 to 2015 is performed ( Figure 3 ). The haze-fog day's data are detrended in order to remove the influence of anthropogenic emissions. There are two significant centers in the correlation coefficient field, and all of them exceed the 95% confidence level. The positively related centers are located in the Europe and East Asian, while the negatively related centers are in Western Siberia. There is also a positive correlation in the European region, but it only exceeds the 90% confidence level (not shown). It shows that when the number of haze days increases, the 500 hPa geopotential height decreases in Siberia and rises in Europe and the East Asian coastal regions. In other words, the deep trough in northwestern Europe and East Asia and the high-pressure ridges in the Urals are all weakened, which means that the meridional component of the westerly circulation is weakened. To clarify the relationship between the 500 hPa geopotential height fields in the northern hemisphere and the number of haze-fog days in January in northern China, the correlative analysis of the 500 hPa geopotential height anomaly field and haze days in January from 1980 to 2015 is performed ( Figure 3 ). The haze-fog day's data are detrended in order to remove the influence of anthropogenic emissions. There are two significant centers in the correlation coefficient field, and all of them exceed the 95% confidence level. The positively related centers are located in the Europe and East Asian, while the negatively related centers are in Western Siberia. There is also a positive correlation in the European region, but it only exceeds the 90% confidence level (not shown). It shows that when the number of haze days increases, the 500 hPa geopotential height decreases in Siberia and rises in Europe and the East Asian coastal regions. In other words, the deep trough in northwestern Europe and East Asia and the high-pressure ridges in the Urals are all weakened, which means that the meridional component of the westerly circulation is weakened.
The spatial and temporal characteristics of the correlation field between the 500 hPa geopotential height and the number of haze-fog days after being detrended is analyzed using SVD. This study focuses its analysis on the first mode. The heterogeneity-related fields of the number of haze-fog days at most sites showed a consistent positive distribution. For the geopotential height, the significant center of the heterogeneity correlation coefficient demonstrates a "positive negative positive" pattern from Europe to Northeast China, which is the similar to the correlation coefficient field. The spatial and temporal characteristics of the correlation field between the 500 hPa geopotential height and the number of haze-fog days after being detrended is analyzed using SVD. This study focuses its analysis on the first mode. The heterogeneity-related fields of the number of haze-fog days at most sites showed a consistent positive distribution. For the geopotential height, the significant center of the heterogeneity correlation coefficient demonstrates a "positive negative positive" pattern from Europe to Northeast China, which is the similar to the correlation coefficient field.
Both the correlation coefficient field and the first mode of the SVD show that the 500 hPa geopotential height field is a zonal wave train over the Eurasian continent. It is a negative anomaly in the Ural region and a positive anomaly in the East Asian coast and Europe when the number of haze-fog days increases. This pattern is similar to the Eurasian teleconnection pattern (EU) that was proposed by Wallace and Gutzler [17] using one-point correlation, except for the position of the largest correlation center. In order to more accurately analyze the EU pattern in this study, a new EU index was defined according to the definition of Wallace and Gutzler's [17] EU index. We select the three grid points with the largest correlation coefficients ( Figure 3 and Figure 4b ) to calculate the EU index: one in the Europe (10 °E, 55 °N), one in Siberia (80 °E, 60 °N), and one at Shandong, China (120 °E, 40 °N). Based on the normalized 500 hPa monthly mean geopotential height anomaly (represented by the symbol z) of these three grid points, a Eurasian teleconnection index (represented by IEU) was defined as follows. Both the correlation coefficient field and the first mode of the SVD show that the 500 hPa geopotential height field is a zonal wave train over the Eurasian continent. It is a negative anomaly in the Ural region and a positive anomaly in the East Asian coast and Europe when the number of haze-fog days increases. This pattern is similar to the Eurasian teleconnection pattern (EU) that was proposed by Wallace and Gutzler [17] using one-point correlation, except for the position of the largest correlation center. In order to more accurately analyze the EU pattern in this study, a new EU index was defined according to the definition of Wallace and Gutzler's [17] EU index. We select the three grid points with the largest correlation coefficients (Figures 3 and 4b ) to calculate the EU index: one in the Europe (10 • E, 55 • N), one in Siberia (80 • E, 60 • N), and one at Shandong, China (120 • E, 40 • N). Based on the normalized 500 hPa monthly mean geopotential height anomaly (represented by the symbol z) of these three grid points, a Eurasian teleconnection index (represented by I EU ) was defined as follows.
Atmosphere 2019, 10 FOR PEER REVIEW 6 Compared with the EU index that was defined by Wallace and Gutzler, the three center points are more compact in the IEU, and the center in Asia moves from Japan to the coast of China. The correlation coefficient of IEU and haze-fog days is −0.6 ( Figure 5 ), thus exceeding the 99% confidence level. It means that when the EU index is in the positive phase, the number of haze days decreases, and when the EU index is negative, the number of haze days increases. Compared with the EU index that was defined by Wallace and Gutzler, the three center points are more compact in the I EU , and the center in Asia moves from Japan to the coast of China. The correlation coefficient of I EU and haze-fog days is −0.6 ( Figure 5 ), thus exceeding the 99% confidence level. It means that when the EU index is in the positive phase, the number of haze days decreases, and when the EU index is negative, the number of haze days increases. Figure 4 . The heterocorrelation of the first mode of the SVD between the number of haze-fog days (a) and the 500 hPa geopotential height (b) in January from 1980 to 2015 (the shaded area denotes that the 99% confidence level is exceeded).
Compared with the EU index that was defined by Wallace and Gutzler, the three center points are more compact in the IEU, and the center in Asia moves from Japan to the coast of China. The correlation coefficient of IEU and haze-fog days is −0.6 ( Figure 5 ), thus exceeding the 99% confidence level. It means that when the EU index is in the positive phase, the number of haze days decreases, and when the EU index is negative, the number of haze days increases. 
Influencing Mechanism of EU on Haze-Fog

Impact Mechanism of EU on Haze-Fog
The correlation between the 500 hPa circulation and the number of haze-fog days in January showed that the number of haze-fog days increased (decreased) in the negative EU phase (positive EU phase). There may be a certain relationship between the number of haze-fog days and the EU. However, the mechanism of the EU's influence on haze is not clear. To study the mechanism, a composite method is used.
First, the years with fewer haze-fog days and more haze-fog days are selected. The number of haze-fog days from 2013 to 2015 is abnormally high, which will have a greater impact on the standardized analysis 
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The correlation between the 500 hPa circulation and the number of haze-fog days in January showed that the number of haze-fog days increased (decreased) in the negative EU phase (positive EU phase). There may be a certain relationship between the number of haze-fog days and the EU. However, the mechanism of the EU's influence on haze is not clear. To study the mechanism, a composite method is used. Figure 7 is the composite of the 500 hPa potential height in higher haze-fog years and lower haze-fog years. In those years with frequent haze-fog days, the intensity of the polar vortex was significantly enhanced and extended to the Western Siberian region, the trough in Europe and East Asia, and the ridge in Siberia at 500 hPa decreased. Furthermore, the EU was in the negative phase. Under this EU pattern, the meridional component of the westerly circulation weakened. In the years with fewer haze-fog days, the intensity of the polar vortex was weakened and the trough in Europe and East Asia was deepened. It behaves similarly to the abnormity of stationary waves [36] . Figure 7 is the composite of the 500 hPa potential height in higher haze-fog years and lower haze-fog years. In those years with frequent haze-fog days, the intensity of the polar vortex was significantly enhanced and extended to the Western Siberian region, the trough in Europe and East Asia, and the ridge in Siberia at 500 hPa decreased. Furthermore, the EU was in the negative phase. Under this EU pattern, the meridional component of the westerly circulation weakened. In the years with fewer haze-fog days, the intensity of the polar vortex was weakened and the trough in Europe and East Asia was deepened. It behaves similarly to the abnormity of stationary waves [36] . Figure 7 is the composite of the 500 hPa potential height in higher haze-fog years and lower haze-fog years. In those years with frequent haze-fog days, the intensity of the polar vortex was significantly enhanced and extended to the Western Siberian region, the trough in Europe and East Asia, and the ridge in Siberia at 500 hPa decreased. Furthermore, the EU was in the negative phase. Under this EU pattern, the meridional component of the westerly circulation weakened. In the years with fewer haze-fog days, the intensity of the polar vortex was weakened and the trough in Europe and East Asia was deepened. It behaves similarly to the abnormity of stationary waves [36] . The wave activity fluxes in the higher haze-fog years and lower haze-fog years are calculated based on the 500 hPa geopotential height and the wind field data. The contour in Figure 8 represents the vertical wave activity flux, and its marked value is multiplied by 10 3 . The positive value indicates that the wave activity flux propagates upward. The arrow indicates the horizontal wave activity flux. It shows that there is essential significant quasi-stationary planetary wave activity associated with the anomalous geopotential height (Eurasian teleconnection) over the Eurasian continent. The wave activity flux propagates from northwestern Europe to northern China. There is also wave activity flux propagation in the vertical direction. The wave activity fluxes in the higher haze-fog years and lower haze-fog years are calculated based on the 500 hPa geopotential height and the wind field data. The contour in Figure 8 represents the vertical wave activity flux, and its marked value is multiplied by 10 3 . The positive value indicates that the wave activity flux propagates upward. The arrow indicates the horizontal wave activity flux. It shows that there is essential significant quasi-stationary planetary wave activity associated with the anomalous geopotential height (Eurasian teleconnection) over the Eurasian continent. The wave activity flux propagates from northwestern Europe to northern China. There is also wave activity flux propagation in the vertical direction. The results show that stronger wave trains are connected with the geopotential height anomalies at the 500 hPa isobaric surface and the meridional circulation in East Asia in lower haze-fog years. It appears as a propagation from the high latitudes to mid-low latitudes, thereby resulting in strong convergence anomalies of the wave activity flux in the mid-latitudes of East Asia. Furthermore, the wave activity flux propagates vertically upwards in the high latitudes of East Asia, while it propagates vertically downwards in the mid-latitudes of East Asia. This indicates that the polar wave activity flux affects the lower troposphere in the mid-latitudes of East Asia from top to The results show that stronger wave trains are connected with the geopotential height anomalies at the 500 hPa isobaric surface and the meridional circulation in East Asia in lower haze-fog years. It appears as a propagation from the high latitudes to mid-low latitudes, thereby resulting in strong convergence anomalies of the wave activity flux in the mid-latitudes of East Asia. Furthermore, the wave activity flux propagates vertically upwards in the high latitudes of East Asia, while it propagates vertically downwards in the mid-latitudes of East Asia. This indicates that the polar wave activity flux affects the lower troposphere in the mid-latitudes of East Asia from top to bottom and from north to south. Therefore, the Siberian High in the lower troposphere is enhanced [37, 38] , which induced the enhancement of the meridional circulation in the mid troposphere ( Figure 9 ). There is a sinking motion in the mid-latitudes (not shown), which leads to the downward propagation of momentum. Moreover, there is abundant cold air to be transported from high latitudes. All of this results in a strong cold advection in northern China, which is conducive to the spread of pollutants. However, the westerlies appear as a zonal circulation in higher haze-fog years and the wave activity flux propagates from west to the east along the latitude line and is less affected by the high latitude regions. Furthermore, the wave activity flux propagates vertically downwards in the East Asian region and weakens the Siberian High in the lower troposphere ( Figure 9 ) bringing about weak cold air, which can affect northern China. The ascending motion in the mid-latitudes (not shown), the weaker cold air and the weakened Siberian High resulted in the south wind anomalies in northern China and lower wind speeds, which are not conducive to the spread of pollutants. The results show that stronger wave trains are connected with the geopotential height anomalies at the 500 hPa isobaric surface and the meridional circulation in East Asia in lower haze-fog years. It appears as a propagation from the high latitudes to mid-low latitudes, thereby resulting in strong convergence anomalies of the wave activity flux in the mid-latitudes of East Asia. Furthermore, the wave activity flux propagates vertically upwards in the high latitudes of East Asia, while it propagates vertically downwards in the mid-latitudes of East Asia. This indicates that the polar wave activity flux affects the lower troposphere in the mid-latitudes of East Asia from top to bottom and from north to south. Therefore, the Siberian High in the lower troposphere is enhanced [37, 38] , which induced the enhancement of the meridional circulation in the mid troposphere ( Figure 9 ). There is a sinking motion in the mid-latitudes (not shown), which leads to the downward propagation of momentum. Moreover, there is abundant cold air to be transported from high latitudes. All of this results in a strong cold advection in northern China, which is conducive to the spread of pollutants. However, the westerlies appear as a zonal circulation in higher haze-fog years and the wave activity flux propagates from west to the east along the latitude line and is less affected by the high latitude regions. Furthermore, the wave activity flux propagates vertically downwards in the East Asian region and weakens the Siberian High in the lower troposphere ( Figure 9 ) bringing about weak cold air, which can affect northern China. The ascending motion in the mid-latitudes (not shown), the weaker cold air and the weakened Siberian High resulted in the south wind anomalies in northern China and lower wind speeds, which are not conducive to the spread of pollutants. The haze-fog dissipation in the winter is mainly affected by the stronger north wind. When the EU is in the positive phase, the westerlies are a meridional circulation in East Asia, and the wave activity flux propagates southward and downward from the high latitudes. The sinking motion, abundant cold air from the high latitude, and the enhanced Siberian High are beneficial to the transport of strong cold advection, which is conducive to the weakening of haze-fog. When the Eurasian teleconnection is in the negative phase, the opposite is true.
Life Cycle of the EU and Its Impact Mechanism on Visibility
In order to better understand the effects of the EU on haze-fog and examine the short-term evolution of the Eurasian teleconnection, the daily EU index of January from 1980 to 2015 was calculated using the daily average geopotential height data.
First, the life cycle and structure of the EU index are analyzed. The positive phase of the EU pattern appears when the EU index is greater than zero while the negative phase appears when the EU index is less than zero. The peak phase of the EU pattern is defined when the daily EU index is at a local maximum and exceeds one standard deviation [20] , and the day of the peak phase is marked as 'lag 0'. The day before 'lag 0' is marked as 'lag −1', the day after 'lag 0' is marked as 'lag +1', and so on. If two or more peak phases occur in less than 13 days, only the first peak is counted in order to ensure the independence of each peak phase. There are 23 total positive phases and 23 negative phases in the 34 years.
As shown in Figure 10 , the EU index decreases rapidly from a lag of −6 days in the composites of the negative peaks, reaches a minimum at a lag of 0 days, and then decays. The number of days of the life cycle is approximately 13. The positive EU index shows the opposite trend. In order to assess the impact of the development and decay of the positive and negative EU phases on haze, the visibility of the two phases were composited using the average visibility data of 80 stations in northern China (Figure 11 ). In the case of the negative EU phase, the visibility starts to decrease around a lag of −1 day and increase after a lag of 2 days. In the case of the negative phase, the visibility starts to increase near a lag of −2 days and decrease after a lag of 1 day. In a statistical sense, a haze process lasts for 4-5 days.
on. If two or more peak phases occur in less than 13 days, only the first peak is counted in order to ensure the independence of each peak phase. There are 23 total positive phases and 23 negative phases in the 34 years.
As shown in Figure 10 , the EU index decreases rapidly from a lag of −6 days in the composites of the negative peaks, reaches a minimum at a lag of 0 days, and then decays. The number of days of the life cycle is approximately 13. The positive EU index shows the opposite trend. In order to assess the impact of the development and decay of the positive and negative EU phases on haze, the visibility of the two phases were composited using the average visibility data of 80 stations in northern China (Figure 11 ). In the case of the negative EU phase, the visibility starts to decrease around a lag of −1 day and increase after a lag of 2 days. In the case of the negative phase, the visibility starts to increase near a lag of −2 days and decrease after a lag of 1 day. In a statistical sense, a haze process lasts for 4-5 days. The 500 hPa geopotential height anomaly fields that are illustrated in Figure 12 show the growth and decay of the EU pattern in the negative phases. The centers of the positive anomalies appeared in the Northwestern European region at a lag of −6 days. A negative anomaly emerges over the Ural Mountains and a positive anomaly emerges over Western Siberia at a lag of −3 days. With the development of the negative EU phase, the geopotential height anomaly of these three anomalous centers is increasing and becomes the strongest at about a lag of 0 to 1 day, and then it gradually becomes weak. After a lag of −4 days, the positive anomaly on the east side continues to propagate eastward until it reaches northeastern China at a lag of 0 days and stays there for many days. When affected by the high pressure, the north wind in Eastern China began to decay from a lag of −1 day (not shown). The 500 hPa geopotential height anomaly fields that are illustrated in Figure 12 show the growth and decay of the EU pattern in the negative phases. The centers of the positive anomalies appeared in the Northwestern European region at a lag of −6 days. A negative anomaly emerges over the Ural Mountains and a positive anomaly emerges over Western Siberia at a lag of −3 days. With the development of the negative EU phase, the geopotential height anomaly of these three anomalous centers is increasing and becomes the strongest at about a lag of 0 to 1 day, and then it gradually becomes weak. After a lag of −4 days, the positive anomaly on the east side continues to propagate eastward until it reaches northeastern China at a lag of 0 days and stays there for many days. When affected by the high pressure, the north wind in Eastern China began to decay from a lag of −1 day (not shown).
Atmosphere 2019, 10 FOR PEER REVIEW 11 Figure 12 . The 500 hPa geopotential height anomaly field in the negative EU phase at a lag of −6 days, 4 days, −3 days, −1 day, 0 days, 1 day, 3 days, 4 days, and 6 days, respectively. Figure 13 shows the vertical distribution of the geopotential height anomaly in the negative EU phase (Figure 13 ). At a lag of −4 days, a positive anomaly and a weak negative anomaly emerge over Europe. A positive anomaly emerges over Siberia. Then, these anomalies strengthen. These geopotential height anomalies tilt a little eastward, which demonstrates a small baroclinic structure. At a lag of −2 days, a three-center structure of the EU pattern is formed, and the geopotential height anomalies become barotropic. The geopotential height anomalies over Eurasia exhibit the maximal value at a lag of 0 days. After that, an obvious decay of the EU pattern commences. The negative phase is the opposite of the positive phase (not shown). The analyses indicate that the baroclinicity may play a role in the beginning of the geopotential height anomaly, but the maintenance and development of the anomalies are mainly ascribed to barotropic instability [39] . Figure 12 . The 500 hPa geopotential height anomaly field in the negative EU phase at a lag of −6 days, 4 days, −3 days, −1 day, 0 days, 1 day, 3 days, 4 days, and 6 days, respectively. Figure 13 shows the vertical distribution of the geopotential height anomaly in the negative EU phase (Figure 13 ). At a lag of −4 days, a positive anomaly and a weak negative anomaly emerge over Europe. A positive anomaly emerges over Siberia. Then, these anomalies strengthen. These geopotential height anomalies tilt a little eastward, which demonstrates a small baroclinic structure. At a lag of −2 days, a three-center structure of the EU pattern is formed, and the geopotential height anomalies become barotropic. The geopotential height anomalies over Eurasia exhibit the maximal value at a lag of 0 days. After that, an obvious decay of the EU pattern commences. The negative phase is the opposite of the positive phase (not shown). The analyses indicate that the baroclinicity may play a role in the beginning of the geopotential height anomaly, but the maintenance and development of the anomalies are mainly ascribed to barotropic instability [39] .
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Conclusions
There is significant interannual variability in the number of haze days in northern China in January. By using data from the ground sites and the atmospheric reanalysis data, the relationship between the mid-high latitude circulation in the Northern Hemisphere and the number of haze-fog days in northern China is studied, and the influencing mechanism of the EU on haze-fog frequency is explored at the interannual scale and the daily time scale.
The EU at the 500 hPa isostatic surface is the most important pattern affecting haze-fog in northern China, and its contribution rate is 45%. This study selected three main activity centers, which are located in the Europe (10 °E, 55 °N), Siberia (80 °E, 60 °N), and Shandong, China (120 °E, 40 °N), and redefined an EU index, which is similar to but not completely coincident with the index that was defined by Wallace and Gutzler [17] . Figure 13 . Vertical cross sections of the geopotential height anomaly along the center of each anomaly for the negative EU phase at a lag of −6 days, −4 days, −3 days, −2 days, 0 days, 2 days, 4 days, and 6 days, respectively.
The EU at the 500 hPa isostatic surface is the most important pattern affecting haze-fog in northern China, and its contribution rate is 45%. This study selected three main activity centers, which are located in the Europe (10 • E, 55 • N), Siberia (80 • E, 60 • N), and Shandong, China (120 • E, 40 • N), and redefined an EU index, which is similar to but not completely coincident with the index that was defined by Wallace and Gutzler [17] .
When the EU is in the negative phase, the 500 hPa geopotential height is increased in West Siberia and decreased in Western Europe and the East Asian coastal regions. In addition, the polar wave activity flux propagates from the west to the east along the latitude and is less affected by the high latitude regions. Less cold air and a weaker sinking motion from the high latitudes weakened the Siberian High. As a result, the occurrence of haze-fog is increased.
The EU pattern activity period is approximately two weeks, which starts to cause a vital decrease in visibility over northern China at about a lag of −2 days of the EU index's negative peak. The positive geopotential height anomaly moved eastward to the northeast China areas at a lag of −2 days, which caused a weak northerly wind and decreased visibility. The vertical distribution of the geopotential height anomaly also shows that the positive barotropic instability plays an important role in the development and maintenance of the EU mode anomaly after a lag of −2 days. 
